Summary: Mono(2-ethylhexyl) phthalate (MEHP) is a well-characterized testicular toxicant. In this study, morphological alterations of mice testes caused by repeated administrations of MEHP were examined by light and transmission electron microscopy. Prepubertal male mice were given a range of MEHP doses (600-900 mg/kg/day) for 3 consecutive days in corn oil by oral gavage. Control animals were given only corn oil. Thereafter, the testes were excised, fixed in 4% paraformaldehyde for light microscopy and/or 5% glutaraldehyde for transmission electron microscopy. Then, they were embedded, and sectioned. TUNEL analysis was done to quantify the occurrence of apoptosis in the testis. Cellular damages were also observed. Results showed that administration of 700 mg/kg of MEHP caused a significant increase in TUNEL-positive cells. At the same time, mice treated with higher doses of MEHP showed presence of degenerating (apoptotic and necrotic) spermatogenic cells. Appearance of small vacuoles in the Sertoli cell cytoplasm and displacement of spermatogenic cells were also observed. Sloughed and shed spermatogenic cells found in the tubular lumen were identified to be necrotic and apoptotic in appearance, respectively.
Di(2-ethylhexyl) phthalate (DEHP) is one of the most common plasticizer used in consumer products, food packaging materials1), and biomedical devices2). Studies on DEHP have shown that it reduces fertility and induces testicular atrophy in laboratory animals3). When administered orally to rodents, DEHP is rapidly hydrolyzed in the gut and other tissues by nonspecific esterases to produce its monoester metabolite, mono (2-ethylhexyl) phthalate (MEHP)4). MEHP has been found to be the active toxic metabolite of DEHP5). Previous researches have shown that young (sexually immature) animals are more sensitive to MEHP exposure6) and that the Sertoli cells are the primary target of MEHP in the testis7). Loss of spermatogenic cells attached to the seminiferous epithelium and appearance of spermatogenic cells within the lumen are the phenomena frequently observed with several Sertoli cell toxicants, including phthalates8,9).
The interaction between Sertoli and spermatogenic cells is crucial for spermatogenic cell maturation, and the toxic effect of MEHP on Sertoli cells may lead to spermatogenic cell death10). It has been known that vacuolation in Sertoli cells is the earliest morphological sign of testicular injury and the cardinal response seen with many of the Sertoli cell toxicants8). Disruption to the Sertoli-spermatogenic cell physical interaction might also cause spermatogenic cell sloughing11,12). These alterations, if permitted to carry on, will initially lead to a progressive loss of normal spermatocytes, which in turn will cause the number of viable spermatids to decrease.
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Since Sertoli cells are responsible for directing spermatogenic cell differentiation and survival, the disrupted Sertoli cells as a result of MEHP treatment may induce premature spermatogenic cell death. Thus, the objective of the present study was to characterize the physical damage caused by repeated administrations of MEHP on Sertoli and spermatogenic cells in young mice testes.
Materials and Methods
Twenty-eight-day-old C57Bl/6N male mice (Charles River, Co., Japan) were given daily doses of MEHP (600 mg/kg, 700 mg/kg, 800 mg/kg, or 900 mg/kg, respectively) in corn oil by oral gavage for 3 consecutive days. Mice received MEHP in corn oil at a volume equal to 4 ml/kg. Control animals received the same volume of corn oil. MEHP was purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). Mice were sacrificed, and then the testes were excised. For TUNEL (terminal deoxy-nucleotidyl transferase-mediated digoxigenin-dUTP nick-end labeling) analysis, the specimens were fixed in 4% PFA (paraformaldehyde) in phosphate-buffered saline (PBS) at 4 C. Thereafter, they were dehydrated in ethanol, cleared in xylene, and embedded in paraffin. Paraffin blocks were cut at 5 mm in thickness.
The TUNEL method was carried out according to the protocol of the 'in situ apoptosis detection kit' (TaKaRa, Tokyo, Japan). The paraffinembedded sections were deparaffinized, rehydrated, and then predigested with 10 mg/ml protease K for 15 min. Thereafter, sections were incubated in PBS containing 3% H 2 O 2 for 15-30 min to block endogenous peroxidase activity. Then, they were incubated with a fluorescein isothiocyanate (FITC)-labeled TdT enzyme in a humidified chamber at 37 C for 90 min. After washing, the slides were incubated with anti-FITC HRP (horseradish peroxidase) conjugate at 37 C for 30 min. Finally, TUNEL positive cells were detected by DAB (3, 3 0 -diaminobenzidine tetrahydrochloride) substrate development, counterstained with methyl green dye, mounted, and observed using optical microscopy. To check for the nonspecific reaction, the sections were incubated with PBS buffer alone instead of FITC-labeled TdT enzyme. The incidence of apoptosis was reported as the total number of TUNEL-positive cells per 50 randomly selected round seminiferous tubules.
Data are expressed as means G SE. Statistical analysis was conducted using the Student's t test. P values of less than 0.05 were considered statistically significant.
For transmission electron microscopy, the excised testes were fixed in 5% glutaraldehyde in PBS at 4 C for 2 hr. Thereafter, they were cut into small cubes (1 Â 1 Â 1 mm), and placed in the same solution at 4 C for an additional 1 hr. The samples were then washed with the same buffer for 5 min, postfixed in 1% osmium tetroxide at 4 C for 90-120 min, and dehydrated in an ascending ethanol series. Finally, they were infiltrated with propylene oxide, and embedded in Araldite M. Semithin (1 mm thick) sections were stained with 1% toluidine blue and examined to assess pathological changes by light microscopy. Ultrathin sections (70-90 nm thick) were stained with uranyl acetate and lead citrate, and examined under a JEM 1200EX transmission electron microscope at 60 kV. Figure 1 shows results from the TUNEL analysis. TUNEL-positive cells were detected in control mice ( Fig. 1A ) and also in mice treated with 700 mg/kg MEHP (Fig. 1B) . The graph in Fig. 1C shows that mice treated with 700 mg/kg and 800 mg/kg MEHP had a quite significant increase in TUNEL-positive cells (p < 0:001) compared to the control group. Although mice treated with 800 mg/kg MEHP also had a significant increase in TUNEL-positive cells, the number recorded was relatively less, compared to mice treated with 700 mg/kg MEHP. Interestingly, a significant increase in TUNEL-positive cells was not observed in mice treated with the highest dose.
Results
Semithin sections of control and treated mice are shown in Fig. 2 . A cross section from a control mouse testis is shown in Fig. 2A . Spaces within the seminiferous epithelia were observed in mice treated with 600 mg/kg MEHP (Fig. 2B) . Meanwhile, mice treated with 700 mg/kg MEHP showed presence of darkly stained spermatogenic cells, which is an indication of cell death development (Fig. 2C) . As the dose increased, sloughing of spermatogenic cells into the lumen occurred, and presence of single, small vacuoles was also detected (Fig. 2D) . Then, at 900 mg/kg MEHP, disruption of Sertoli cells was severer, whereby breakage was observed along with some spermatogenic cell sloughing (Fig. 2E) . Figure 3 shows transmission electron micrographs of control (Fig. 3A) and 700 mg/kg MEHP treated (Fig. 3B-F) mice testes. In the treated mice, appearance of vacuoles, as well as heterochromatin condensation, could be seen in some spermatocytes (Fig. 3B ). An apoptotic spermatogonium, beside a normal Sertoli cell, could also be found (Fig. 3C) . A higher magnification of the apoptotic cell is shown in Fig. 3D . Here, we could observe the presence of a large vacuole and a slight shrinkage of the nuclear membrane. Presence of intact and functioning mitochondria was also detected. Meanwhile, 2 necrotic spermatocytes with enlarged cytoplasm were also observed (Fig. 3E) . A higher magnification of the necrotic cell showed nuclear membrane lysis, which is a typical indication of necrotic event (Fig. 3F) .
Other than spermatogenic cell death, MEHP was also found to cause appearance of vacuoles and displacement of spermatogenic cell towards the lumen, especially in mice treated with high doses of MEHP ( Fig. 4A and B) . This displacement indicates a certain kind of disruption in the Sertoli cells, which causes it to lose its hold of nearby spermatogenic cells. Fig. 4C shows a magnified normal spermatogenic cell located near the displacement. The presence of functioning mitochondria and also a small vacuole was detected. More prominent effects of MEHP could be seen in the sloughing of spermatogenic cells into the tubular lumen (Fig. 5B) . Although 'sloughing' is known to be the result of chemical injury, 'shedding', on the other hand, is known to happen even in a normal condition (Fig. 5A) . These detached spermatogenic cells were identified to be undergoing cell death processes, either apoptosis ( Fig. 5C and E) or necrosis (Fig. 5D ).
Discussion
Prepubertal mice were used in this experiment, because they are more sensitive to the reproductive effects of phthalate esters13,14). The higher sensitivity of young mice to phthalate esters should be due to the differences in absorption, distribution, and metabolism of phthalate esters between young and adult (sexually mature) individuals15). Moreover, spermatogenic cell apoptosis normally occurs in young mice to limit the clonal expansion of spermatocytes. Therefore, young mice provide a convenient model to evaluate alterations in the process of apoptosis. MEHP has a half-life of approximately 3-5 hr, so that within 24 hr more than 90% of the compound is eliminated16). However, one finding3) noted that a single dose of 800 mg/kg MEHP caused significant testicular atrophy at 7 days after administration in rats, while a single dose of 400 mg/kg MEHP was not very pronounced. Since testicular toxicity generally occurs after multiple rather than single exposures, the current experiment used a consecutive 3 days exposure period. In addition, data from our preliminary results showed that doses above 1000 mg/kg had fatal effects on mice. Therefore, the dose range was determined between 600-900 mg/kg MEHP. The increase of apoptotic spermatogenic cells is often observed in testes injured by various physical or chemical stimuli17). The primary consequence of MEHP exposure is a large increase in spermatogenic cell apoptosis18), and a high dose of MEHP could induce early spermatogenic cell death19), which was coherent with our findings. Interestingly, in our experiment, mice treated with doses higher than 700 mg/kg MEHP did not show dosedependency. The inability to detect TUNELpositive cells in those mice could be due to the fact that either dead cells were already removed by sloughing or engulfed by Sertoli cells. It is believed that the effects of MEHP on Sertoli cells may lead spermatogenic cells to sloughing into tubular lumen8,20), and our findings showed occasional presence of spermatogenic cells within the testicular lumen. Unfortunately, the role of phagocytosis in MEHP exposure can not be ascertained at present and requires further exploration.
In the present study, the appearance of apoptotic and necrotic spermatogenic cells was frequently observed. In general, apoptotic cells were classified based on the presence of vacuoles, heterochromatin condensation, and cell disintegration without an inflammatory response21). While, necrosis was characterized by swollen cytoplasm and/or mitochondria, appearance of vacuoles, condensed chromatin in the nucleus, and nuclear membrane lysis22).
Other than spermatogenic cell death, disruption in the Sertoli cell physical structure (vacuolation and spermatogenic cell displacement) was also observed after MEHP exposure. It is known that vacuolation is the earliest morphological sign of testicular injury and the cardinal response seen with many of the Sertoli cell toxicants. In our findings, the presence of a few small vacuoles in the Sertoli cell cytoplasm accompanied by displacement of spermatogenic cells towards the lumen was observed, which is a prominent feature of the early response to phthalate exposure in young rodents23). A higher magnification of the displaced spermatogenic cells shows normal attributes, except for the presence of one small vacuole in the cytoplasm. We believe that the appearance of the vacuole is actually the first step towards cell death. Without the support and nurture provided by Sertoli cells, detached spermatogenic cells can no longer survive and will eventually die. The presence of sloughed cells within the tubular lumen has been reported. Many Sertoli cell toxicants, including phthalates, result in appearance of spermatogenic cells within the lumen8), but there is hardly any information about the types of sloughed cells. First of all, we have to clarify that there are 2 types of sloughing. First, 'apical sloughing', which is defined as toxicant-induced detachment of spermatogenic cells adherent to fragments of membranebounded apical Sertoli cell cytoplasm24). Second, 'shedding', defined as the release of spermatogenic cells from the seminiferous epithelium without adhered fragments of Sertoli cell cytoplasm7). In most instances, detailed ultrastructural studies have not been performed to distinguish apical sloughing from shedding. Fortunately, results from our study showed a sloughed spermatogenic cell with fragments of Sertoli cell cytoplasm still adhered to it. This cell was found to be necrotic with multiple swollen mitochondria. Meanwhile, shedding was observed in the control and treated mice. The shed spermatogenic cells were of the apoptotic type. Although shedding of spermatogenic cells is not uncommon, we were unable to determine at this point in time if MEHP exposure also caused shedding in the treated mice.
In conclusion, our study found that repeated MEHP exposure in mice caused a significant increase in TUNEL-positive spermatogenic cells, vacuolation in the Sertoli cells, and displacement of spermatogenic cells towards the lumen. We also managed to identify detached spermatogenic cells in the tubular lumen to be either 'sloughing' or 'shedding' events, with sloughed cells being necrotic and shed cells being apoptotic in appearance.
